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1 Project Overview lit, act (I b Itib(lug P, I I(lI p r(grai Iit it IPIWI )&lit(i)r- I -a,14.d

~e popoe t buld a inegrtediolystcl luiiaitiol roblots w~ill folre it,, to I:I(#c not only issules of, iliterhioo-tc.
We proose t buil al ntegrted pysica humaoid bIt wevii t radit lot IalI I assiu IIled Iiiodulari0 W.'. butI I.\ II

robot including active vision. sound inuptt aii(] output. f ill, idea of, iIoliillaritv itself'. By r-eac hiitg acros traoli-
dext rous nitanipulat ion. and t lie( begininiiigs of' language. lioiil lout larie. and' tv-iii loehr in ýn and
all conitrolled by a conit inuously operating largeV scale p)Ar- gln ndlii.,w wil quih Ilininattv ,botcsni
allel Nil NI D comiput er. This poroject will capitalize ( (*t iiig iiodalsttida. ewill qucl~s .. lludding t sligh iu1Ir~t'ii-y
newly available levels of comiputational resources Hii Or- unrealized sociologically shared. biut incorrectl a.ssuiiip-
der t o mewet two goals: aii engineering goal of' building Iios
a prototype genieral purpose flexible and dext rous anl-
tolinlomos robot and aI scientific goal of uiiderstand~ing 2 Ba gr nd tepo rofnalg
htimana cognit ion. While there have been previous al- 2-akrud h o e fealn

temts t bilding kintetmat ically huiiaiioid robots, none technology
have at tempted th lemcibod ied construction of anl aii-
tonotilous intelligetit robot: thle reqtuisite ('Oi ijut atioiial Ali enabling technology such as lie brain t hat we will
power simply has not previously been available. build- has thle abilityv to revol itt onize science. A re-cenit

'ile robot w~ill be coupled into (lhe physical world w~ithI examptlle of lhe far-reach Ing effect s of suich teclutiologit-
high bandwidth sensing aiid fast servo-cont~rolledl act na- cal adlvanices is tlie( field of' itiobile robotics. .Just a., thle

tors, allowing it to Interact with lie world onl a human advent of' cheap and accessible mobile robot i(-. d ratitat -
tim sal. sard ini, cae il oenill) new pos- icallv alt ered our conicep~tioiis of intelligence in thle last

bilities for hlow humntis use robots as assist anits, as well decade, we b~elieve that current higli-perfortnance coinl-
ass allowing us t~o designt thle robot to learn new behaviors put ing technology itiakes thle present ati opportutne t inie,
under human feedback such as. human mantial guidanice for the construct ion of a simiilarly significant integrated
and vocal approval. One of our engineering goals is t~o inutelligenut syst.-'iie
det~ermnine the architectural reqiiirement q -0:fhcient. for anl Over the last eight years there has been aI renewedl
enterprise of this type. Based oii our earlier work oili no- interest in building experimniital miob~ile robot systemis
bile robots, our expect ation is that thle coinstraints may t hat op~erate in unadorned and unmnodified nat ural aiid
be different, than those that are often assumned for large untstructutred eniVironnients. The vinabli'tg techtiology for
scale parallel computers. If rat~ified, such a conclusion this was the sinigle chip iiicro-coiiiptiter. This m~ade it
could have important inipacts onl fhe designi of fuiture possible for relatively sinaI I groups to build serviceable
sub-famnilies of large machines. robots largely. with gradtuat~e student power, rat her thani

Recenit trends in artificial intelligetice, cognitive sci- the legion of engineers t hat had characterized earlier ef*-
ence. neuroscience. psychology, linguistics, and sociol- forts along these lines iii thle late sixties. The( accessibil-
ogy are converging onl anl anti-object~ivist, body-based ity of this technology inispired academic researchers to
approach to abstract cognition. Where traditional ap- take seriously the Idea of building systemis that would
proachies in these fields advocat~e ati objectively speci- work in the real world.
fiable real it v-b raini-in-a- box, independent of bodily Thie act of building and programming behavinr-based
constranints-these niewer approaches insist that intelli- robots fundamnittally ch-anged our uiiderstandinig of
gence cannot be separated from the subjective expe- what is difficult and what is easy. The effects of this
rience of a body. The humanoid robot provides the work onl traditional art ificia~l initelligeince canl be seeii in
necessary substrate for a serious exploration of thle innumerable areas. Planningt research has untdergone
subject ivist -body-based-hypotheses. a miajor shift from static p)lanninig t~o deal with Ii reac-

There are niumerous specific cognitive hypotheses t hat t ive planning." 'Flie emphasis iii coiiputer vision has
could be implevient~ed tin one or more of thie humanoids moved froti recovery from sinigle imiages or canned se-
that will be built during the five-year project. For ex- quences, of imiage,, to active- or aniniate.--vision. where
ample, we cati vary the extent t~o which the robot is pro- the observer is a part icipanit iii the world conitrolling t lie
gramimed with anl attent~ional preference for sonie imiages imaging process iii ordler to simtplify thme processing re-
or sounds, and t~he ext~ent. to Which trhe robot is pro- qunrements. (ýenerally, thle focus withbin Al has shifted
gramnied to learn to selectively attend to enviionnietital fromi centralized svstentis to (list ribtited systems. Fur-
input as a by-product of goal at~tainmient (e.g., success- thler. the work onl behavior-based miobile robots has also
ful manipulation of objects) or rewardl by humans. W~e had a si]bst ant ial effect oii iiiaty other fields (e.g.. onl the(
canl compare the behavioral result, of const~ructing a liii- design of p~latnetary scieceM Missions. oil silicon micro-
manoid arouiid different, hypotheses of cortikcal represeti- rinacliiiing. onl artificial life. aiid onl cognitive science).
tation. such as cotncidcnc( d Icc/ton versus in Icrjolat- There has also been considerable interest froim iieuro-
ing miemory versus .s(qalcYc( scaking in cotinfir strca mis science circles. atid we are jiust tiow startiiig to see soiiie5
versus htnif-Iock(d mu//i-regwona/ rlrc/Ta(flahonl. ]in the hi-directional feedback i here. 0
later years of the project we canl coiinect with theories '[hel( grand chiallenige that we wish to take tipl is to
of conisciousness by demnoist rating t hat hiumanoids de- make thle quaitintu leap 1rom experimlent ing with liio-
signed to continuously act onl immnediate sensory data bile robot systenms to ati almiost humnitoid initegrat('(
(as suggest~ed by Deiitet~t *s inl ui/pl( drafts miodel) show head syst em with saccadimig foveat ed visioin. fac [itltes
more h~tinan-lilke behavior than robots dlesignedl to coti- for souniid processinig anid sounid product ion. and a colii- '

struct anl elaborat~e world model. Ipliant. dextrouis iian ipulat or. Thel( eniabling t eclitiol- Qo4~u
ýAvali and/or
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ogy is massively parallel computing: our brain will have 3.1 Minds
large numbers of processors dedicated to particular sub- The traditional approach taken in artificial intelligeiic,,
functions, and interconnected by a fixed topology net- to Iuilding iitelligeit lrograms has alectionatelx been
work. dubbed "('ood Old Fashioned AF, or (;OFA[ ( Haugeland

19,5). It is epitonmized Iii thle odularity arguni.nts of"
3 Scientific Questions llodor ( 1983) and ii t lie physical symbol systeim hylot h-

esis of Newell &- Simon (1 9S 1). Theste approaches reduLIce
Builditig ar android. a autonogous robot wsitenc hi- Al to the p~roblemi of coustructuig a lbrain-in-a-box syin-
manoid form, has been a recurring t hen e in science tic- bolic manipulator which would act intelligently if given
tion fromu h the inep inofthe genre with Frainkenstein, appropriate connection to a robot (or other Ierceptu o-
through the nioral dilenias infestiiig posittronic brains, otr system). Still further modularization lead.s to in-
the human but not really human ('3P0 and the ever dependent work on such tasks as natural language pro-
present desire for real humanness as exemplified by ('oi- cessing, on sea sks as ntCurlonilonse gase reasoni-g

manerDaa.Thirboie hae tge focesofa sing, planining learning. an ommnes esnnmander Data. Their bodies have ranged from that of a (e.g., Allen. Hendler &- Tate (1990). Hlobbs &- Moore
recycled actual human body through various degrees of ( 1985) or Brachinan k Levesque ( 19ý5)). We have ar-
mechanical sophistication to ones that are indist inguish- gued (Brooks 1991a) that much of ()IAI was shaped
able (in the stories) from real ones. And perhaps the b the (ecrook s 19a)t at u o iws shapedby1 thle technological resources available to) it s researchers.
most human of all the imagined robots, HAL-9000. did High performance computing and communications gives
not even have a body. us a new opportunity to re-shape atteptpt,- at building

While various engineering enterprises have modeled intelligent systems.

their artifacts after humans to one degree or another Many modern theories are at odds with ;OFAII. For
(e.g., WABOT-II at Waseda University and the space example, Minsky (1986) suggests that the mind is a socl-
station tele-robotic servicer of Martin-Marietta) noton ety of smaller agents competing and cooperatitg. Kijs-
has seriously tried to couple human like cognitive pro- bourne (1988) and Dennett (1991) argue that there is
cesses to these systems. There has been an implicit, and no place i the brain where consciousness resides. Uil-
sometimes explicit, assumption, even from the (lays of guists and psycholinguists have argued that the long-
Turing (see Turing (1970)1) that the ultimate goal of fashionable separation of language into the separate coin-
artificial intelligence research was to build an android. ponents of gramnmar and semantics is a fiction convenient
There have been many studies relating brain models to for symbolic formulation but not useful for advancing our
computers (Berkeley 1949), cybernetics (Ashby 1956), understanding of the real diversity of
and artificial intelligence (Arbib 1964), and along the ena (Langacker 1987), (Harris 1991). Brooks (1991a)
way there have always been sen'-popular scientific books proposes that. human-level intelligence can be built with-
discussing the possibilities of actually building real 'live' out a single central representation of the world. Stein (to
androids (Caudill (1992) is perhaps the most recent). appear) argues that all of cognition can be seca ;s the

This proposal concerns a plan to build a series of recapitulation-through imagination--of action in the
robots that are both humanoid in form, humanoid in world.
function, and to some extent, humanoid in computational Many other theories of mind (e.g.. Searle (1992). Edel-
organization. While one cannot deny the romance of man (1987). Edelman (1989), Edelman (1992)) argue
such an enterprise we are realistic enough to know that against the traditional Al notion of categorical represen-
we can but, scratch the surface of just a few of the scien- tation, and instead for a more situated model of compu-
tific and technological problems involved in building the tation. Unfortunately these and others are flawed by fun-
ultimate humanoid given the time scale and scope of our damental misunderstandings about the nature of coni-
proposal, and given the current state of our knowledge. putation and the uses of abstraction, usually centered

The reason that, we should try to do this at all is that around formal models of Turing machines and solnetimes
for the first time there is plausibly enough computation their interaction with G6del's theorem. Such arguments
available. High performance parallel computation gives were long ago successfully debunked (Arbib 1964). but
us a new tool that those before us have not had avail- continue to resurface. 2 '
able and that our contemporaries have chosen not to use At the other end of the spectrum is connectionism.
in such a grand attempt. Our previous experience in Computational scientists have worked with simple ab-
attempting to emulate much simpler organisms than ht- stractions of the brain for many years in two main
mans suggests that in attempting to build such systems waves, one in the sixties (Rosenblatt 1962). (Minsky
we will have to fundamentally change the way artificial + Papert 1969) and a second in the eighties (Rumel-
intelligence, cognitive science, psychology, and linguis- hart &: McClelland 1986). Unfortunately. most of this
tics think about. the organization of intelligence. As a work is concerned with local aspect, of the problem,
result, some new tniieu.es will have to be developed. We rather tian giving insight into how a complete system
expect to be better able to reconcile the ncxw theories
with current work in neuroscience. The primary bene- 2A iure egregions version of this is lPenrose 1989) who
fits from this work will be in the striving, rather than in not only makes the same lutrmg-i.,5del e-ror. but then in a
the constructed artifact, desperate attempt to find the essence of mind and applying

the standard methodology of physics. namely to find a sim-
'Different sources cite 1947 and 1948 as the time of writ- plifying underlying princivle re-ert. tl ialRMn, ,nvqtic;d

ing, but it was not published until long alter his death. 2 rehance on quanturn mechanics.



inight be organized.A [here have beeti r'ctnt at teipts I I ro lMI%,t t' to I rdi it kIIIif IIiat ItoI 11, -( lilt t lu Iit) IIa ri I I
to bridlge thle gal) inin ore serions wax s betwecii (-()ill- H'ier. i., also ) cyIdetict I I iat Mha i~i eI ~ar I be, reatson-

putation and tieuroscienc, lin particular ( 'lurclilaid iddll wcfl iinder~siood ciimorx cliaiiiils, wit liiii Ili brainl
Sejnowski ( 1992) - but still thet gap) i.s too large it, -on- art. muichi IlOrt, coiiilh14x than w, ciirrenitlN inut As
sider iietral-based appiroacheis for at systeni of' thle scope (tilt exatiulpi'. 1 tier is th clt-t'f-t kno~wnit. hit It dsI/hlif
we are proposing. 1Two of' us have already been work- xxlitre de~spite tilit- lack of' pieces, or awi t e vliik i ctr-
Ing t~ogetrher ( Dennett A, Kitisboiirnt 1992). relating a tex. btothi liuiiaiis and animidial can 1trt-eix. lttlrfipV
iieulrOscieiitific thfeory of 'onisciousniess. dommattl focits litt ('oit5(oli5I%. certaiti I Iliiigs ivit fuill Oiwn' %Iisul field
(Kinshourne 1988). to a phlilosophiical analysis of' tiiit d. ( Wt'iskratitz I9 (i) (raddick. At kioji. flood. ha~rk-
A mnajor intenit of our proposed work is to texttend thfat ness A.. aiii Faraneli \arglia-lKliadeiii 1992). 'Ilthrt' hias
oraysi to tilt, p01111 of' its being ait iniileiiieiitaltle tile(- te't'i someit recent arguitient thfat tlist' ttlit'tiotiit'ta Iina\

onyoi our luimanoids. be, produced bN art jallx iintact visutal cortex (letidricli.
Rlecenit work litn europsychiologv fia., prodiicted siir- Wessiiiger &- (azzaiiiga 1992), buit ev\en t hat would still

prising results. Lesion studlies, e.g. t hose by fDaiiiasio call 1into qfuetstion thlt argutnents of' \larr (19s2 ) It i-
D'1ainasio (1989) aiid (MIc( arthby &- W~arringtoni 1990t). used III comiputer visioti thfat tilie Ituitost of, th liXisIAoliinidicat e t hat tl( liencidutlarit-v of' storage and access in sysýtein is to reconst ruct at :-diniit'rsiotial rcprestut at iti

titheiutiati braiti is dramnatically differetit f'romk what our- of' what is out iii t lie, world.
intuit ions--a~s exemplified by bothI cognitive sc'ieiice aiid 'Th e tiotion that enibodittient iii tilit' pitlsicaf world is
GOFAI--- te'll uts. F'or instance it is ('It; r thfat aI pictunre ofA Impiortant to creatiiig iuniiati-like intelligeulte is itiot at all
a dlolphlin provides iinunieiate access to a difrereiit set of new. Fveii thet 19-171 fpaftr ttf Turiiig ( ]97))) isý quite, coti-
representatiotns at a different level of' generalizat ion 'rouii ceriit'( altout t his point. Later Siution (1 969) liscus'sett
those p~romipted by thie verfbal stimiulus. '(dolphlini. tIn a a sinilar poinit using as a ptarablle an anit walking flttuig
nornial person these, representations are cross-linked, but t lit' beach. lit, pointed out thfat tilt' Coimiltexityvt tl Ilie
iii patients w~ithI certaini lesions these ('ross-links may be bhtlavior of' the atnt is itiort' a reflection (of I lit' ('liill'x-
(lest royedl for particular classes of entities (e.g.. for an- it of' its env ironnment t han its, own internial ('oiiple.xit v
inuals. hut not tools).' Likewise ( Newconmbe &,. H at cliff atid specuilated fiat the saint' miay be t rut' of* liiiuails.
1989) denmonstrate multiple parallel channels of' contitrol Ti'le idea that our very iiiotlularity and initeriial orga-
dependent onl the task, rather t han, say, a single ceni nizat ion depends onl our- ways of phy~sically intettrac'ting
tralized finger control inodule for eachi fitnger. There Is withI the worldl is carried exe el uirthter liti se'ries of 1 dlilt)-
a grounding of miotor control iii the differe-nt types of sophicaf argtinielits ( Lakofl' &- Johnson 1 980). ( Lakofl'
interactionis t.ilie agent ha~s with tie world .' N or is the( 1987). (.Johnisoin 1987). Theiilr central hyvpotheitsis is thfat
control of attention centralized, as illustrated b.% st ntides all of our iboijght and language is grounded lin physical
of unilateral neglect ( Kinsbourne 1987). but rat her it is patternis gene(ratedl in otir sensor), aiid antI Iiot or sys-
a miatter of conipetition between brain systems. t eiiis as we I nteract wit Ii tilt' world. Ill plarticular thiese

The( argumient is t hat thle human brain st ores thlungs, phlysical bases of our reasoni alid Ilt elligence caii still
not only by category but also by niodality - the -repr'- be discerned in our )auigua.eet as we 'conf'roiit tl In'fact
sent~attons' are groiunded lin the sensory' modality use thtiu o our lagaecallbii ee' spyia
to learn the informiation. Kuipers &' liyuui (1991). metaphors. '*base(] oil our own bodily interact ions withI
Mataric ( 1992b) and] Stein (to appear) limplemient limited the world.
formis of this body-based representationi ]i mobile robots. We plan onl t akitig these notitonis seriously as we build
Drescher ( 1991 ), too, uses environmental interact ion to andI prograiii our humnaioids, using phyisical iliteractitonis
construct representation . Still. each of these projects as a basis for- higher level cognitive-like behaviors. Vte
was limnited by the relative poverty of the sensory suite. have already demonst rated a simiple versioni of* t hest'
ill this project, we will use tile neuropsychological evi- ideas, using current ly availablde "inst'ct-lt'vel" robotic
deuce to build a far tiiore sophisticated inistantiation of (Stein to appear).
the body-based theory of representation al(l to0 exauniine

3.2 Syttlbols atnl Melttal ilepreselttatiola3'Thiere are exceptionis to this: for instanice. the work of Tepyia yblssi)hphssmitista
Beer ( 1990t): but that is restricted to insect level cognition. 'lt /isct a xs nh nli.i tii istfa

4 Onle particular patient (Mc('arthy k- WXarringtoii 1988) anly physical synibol systt'lii can iiiipleliw'iit iitlligetiet
when shown a picture of adolpliin. was able t~o formi sentences behavior. As at consequence. it says that symibols provide
using the wordl 'dolphin' and talk about. its habitat, its ability' a layer of abstraction that hides th li'(et ails of pt'rceptuial
t.o be trained. and its rote in the IT,,) militarv. Wh'len verballY and tulotor processes.
asked what a dolphin was, however, hie thought it was 'eit her To uiiderstaiid thet difficulties thfat tble phyvsical svii-
a fish or a bird.' lie had uio such discrepancies in knowledge 1)01 systemn hypot hesis pre'se'nts for our task. wve iniiigit
whent the subject was, for example, a wheelbarrowv. exaniline ano tier siiiiilar abstra('tion). It is comuioli to

'For instance. some patieiitrs can hot exercise conscious
control over t~heir fingers for simple tasks, vet se'e'm ulu regardl digital dhesigni as conc(erned'( solely. withI bin~ary

plaired in threading a ne'edle, or playing t~he piano. Furt her- dligit~s--- discrett' ones andl zeros. lIndeed. t Is digital alt-
more iit (,Tile Cý!:'C"lective drug induced suppression shows st.ra't~ioli allowxs the( ust' of boott'aii logic to synt liesizt'
ways iii w hichi many simple reflexes combine to give the ap- thle combiniatioiial ('irculits out of' which our coiiput a-

.- an(- of a centralized will produicing g! l', cj-hrrn nt tional 1, :ený,n -4re built.. BY hiitv:ýtilt,~l ~i-1
lichavior Philip Teitelbaum k Pelfis 1990) volt ages that. constit ute our syst enis. the( digital altstrac-



tion facilitates reasoning about and construction with phins as sea crvalur-s). As a r,-sui], w, will iwed lo
these elements. However. tihe fact that the digital ab- broaden lhe convenljoial d,.tinitions. We' expeclt to ust.
straction is useful for combinational synt hesis does not lower level iiiodules, dc'ri'ccl, r g.. front more, rcact ly"
mean that it suffices for all purposes. Indeed. for certain approache's toe onl ie Ii with api roprialt' respJoiises to
elements - such as a bipolar switch it nmay be' necessary stinuli. From tlhe.se. we will jdcnliyl' pattern., of tbthiav-
to look beneathl the digital abstraction to understand the' or that replresent gene'ralizatio.,, proto--symiiolo aiidinteract ions of electrical comliponients ---e.g., to debounce use these to establish reasoning that appears it I),, more,
tihe switch. Furt her, certain portions of' tlie resulting "synilholic".
svsteni---such as the debouncing circuitry --miay iivr fr There is art argumieni that certain colliOllenits of
be interpretable directly in ernis of the (digital abstrac- stiinInls-response' syst e's are "synvmoli<c." For exaiiple.
tion. it a particilar neuron tires--or a parnicilar wire- carries

Approaches that rely omi the physical symbol-system a positive vohage wheueve," soijehing red is visible.
hypothesis cannot constituite complete explanations of that neuron - or wire ntay bc said to "'reltic-seti" the'
intelligence, precisely because they abstract away the de- presence ol something red. WVhil,' this argument nima te
tails of symbols" implementation. In order for a braiii-in- perfectly reasonabh' a.,, ai observcr'.,, explanation of ie'
a-eox to connect to a bodv. all symbols must be derivable' sstenl, it should not te niistaken for an explanat ion ofl
from sensory stinuili: hut in addition, there are portions what the agent in question believes. fit particular. the
of the system--such as tire bouncy switch - that -ail- positive voltage oii tlie %%wire does iot -tprt.st nt t•e pre's-
not be seen from tihe sylnbolic side of t hle abstraction. eiie0 of red to the agq of: the posit ive voltage is the pres-
Thus. while synmbolic approaches to cognition may pro- e'lice of someething red as far as thei robot is concerned.
vide us with tremendous insight as to how intelligence The digital abstraction is jot a statement ahotw how
might work once we have symbols, it call neitlher tell us things are: it is merely a way of viewing them. A corn-
how to construct those symbols nor assist us in the' iden- binational circuit may be aonalybfd iii terins of' boolean
tification and manipulation of the non-symbolic portion logic. but it is voltages, not a collection of ones and ze-
of our system. ros. (Or. perhaps, it is electrons moving in a particitlar

At the opposite extreme are several non-symbolic ap- way.) At best. the digital abstraction fells us that tite'
proaches to cognition. From connectionismn to reactive comnbinational circuit is amenable to analysis in term of
systems to artificial life, these systems operate oui stimnuli ones and zeros: but it. does not change t tie reality of what
much closer to "real" sensory input. often using difficult- is there.
to-comprehend processes to compute appropriate actions Similarly. tile utility of the symbolic abstraction in an-
based on these stimuli. Because they are closer to actual alyzizg rational behavior does riot indicate that there are
sensation, these approaches have had marked success in actually entities corresponding to symbols in the brain.
certain areas (e.g., videc-game playing (Agre ,t Chap- Rather, it indicates that the' brain -- or. more likely.
maan 1987): navigation (Pomerleau 1991): -'insect" intel- portions of the brain (viz. the debounced switch)--are
ligence (Connell 1990), (Angle &- Brooks 1990)). How- amenable to analysis in symbolic terrms. It does tiot
ever, because they lack symbols or any comparable ab- change the fact that, everything in the brain is (sub-
straction, these systems are often inscrutable. A corol- symbolic) neural activity: nor does the equation of brain
lary is the difficulty that practitioners have had in trans- function with neural activity rule out the utility of a
ferring knowledge gained in the construction of one sys- symbolic explanation.
ten- to the design of the next. Because there is little In building a humanoid, we will begin at this sensory
explicit, structure, these systems generally defy descrip- level. All intelligence will be grounded in computation on
tion by abstraction. sensory information or oii information derived from sen-

We believe that the most fruitful approach will be one sation. However, some of this computation will abstract
that builds on both of these traditions (e.g., Rosenschein away from explicit sensation, generalizing, e.g., over sini-
&" Kaelbling (1986), Kuipers &" Byun (1991), Drescher ilar situations or sensory inputs. Through sensation and
( 1991), Stein (to appear), Yanco &, Stein (1993)). Just as action. the hunianoid will experience a conceptualization
the digital abstraction is useful for the designer of combi- of space: "'up. "down." "near." "'far." etc. We hypoth-
national circuits, so the symbolic abstraction will be in- esize that at this point it will be useful for observers to
valuable for the designer of cognitive components. How- describe the lbehavior of the humanoid in symbolic terms.
ever, combinational circuits are built out, of raw voltages. ("It put tile red blocks toget her." ) This is the' first step
riot. out of ones and zeros: the binary digits are in the in representation.
mind of the designer. Similarly, the symbolic abstrac- The next step involves a jump from the view of syni-
tion will be a crucial tool in the analysis and synthesis bols as a convenient but post hoc explanation (i.e.. for
of our humanoids: but we do not necessarily expect these an observer) to a view in which symbols. soniehow. ap-
symbols to appear explicitly in the humanoid's head. pear to Ih aq rt to exist inside the agent's head. This

Thus, both of these pieces will inform our ap- second step is facilitated by language. one of the tools
proach to representation. However. it is riot at all that allows us to become observers of ourselves. This is
clear that a single "symbol" (in the conventional sense, the trick of consciousness: the idea that "we" exist, that
e.g., 'dolphin') will have a unitary representation (e.g., one part of us is observing another.
in the human brain the image of a dolphin may be Although there is good evidence that consciousness is
stored separately from categor,-ai knowledge about dol- anything but a simple phenomlenon (i.e.. that the' reality



is far mjore complex than our- post hoc reconistruction of* all processors. given Ilt,. niplifiit ijiderst aiditig I jiltI lth
it) (Springer &- Doutscli18) it almost certaiiilv doe s gIoal oltli lt t is 14) clipict' tIilt c'1il u at it'l as
have .xoW( of' thet properties that we att rifoite to it. qttickl) ais possible.

W~itlh language. symbols becomet iiiore t han iiierolv a Ilii our "pooll.'i" Ow c ost ramit,. ar, \v-r\ dillci h. i
post hoc explaniationi by others of' thle workinigs of' our fB\ I he nat urc of, Ilit- S\it~lil w\( do lot it'rd 1(, ini'zrat.'
own brains: symbilols become our owii explanat ion to our- prcsss do wit tijel ai slarel lteilior\. Miid 'I' llot
selves. It is this ability to distaince olirseib's troiji out- nt'd to dvnlailicalfv\ redirci o tgs Sini ldt --hard
own symibols that gives rise to our illisionis of' cousclio~s- wi.d esa l et works shioull suficei. wt il ininior\

ness ( Bickhard nid.). How (-an we produce, thlese *,SNii- oiil\ local to each processor. I.goal is not to) 1iiiisl'ý
1)oljc" associations*.' 'Fie saute p~rocesses that pirodutct, a 'omulfit ation a15 quiicklN ais possibile hut Inistead to) pass
responses fronti sensory .inputs can be st imunlated linter- thled(ata tirougli a priccss tii a houiided aiiniitun of tinie
iiallv. For exampille. Kosslyni (1993) has dlemionstratedl so thfat thet niext dat a that thlt world preset-jl to tilte5.-
that port ions of the visual cortex are implicated iii visual tell canl flow liroulghi withiout getting blocked or lost.
imiagery, suggesting precisely this sort If self-stiniulat lon. Thliere 1, tio end to a coliipnt at iou or finial result: all 11
Stein (to appear) takes a similar approach to add coguil- cont iiuously be ing coiipuited aiid recoiipiitcdf atiid ac-
tive capacityv to a behavior-based robot. t ions iii the( world art- fie ..0ii pitts" of' I lie, sysi ti. lBnt

Wecanl Sulunhtwi,u onl appwacli t c represeiitation as t lie coiiput at ion is iiot simiply linear iii ordering. Thelire
follows: St imuilus-response svsteuis abst ract away fromi uiiust be iiiauiv pathlway- betweein sensors and actunators,
particuliar inputs to treat large classes of' inputs siiiii- sOiiit WithI very dIifferent lat encies. e achi oie cont ributinig
larly. Tliis begins the �generalizat ion" of part icuiiar stliii- to solnie aspect of tlie( resutin tg behavior of' tilisst' eil

uili iiito complex react ions and tlie( external appearance Wie need high fierfol'iiaiict and piarallel cou)iiput iuilg Ill
of categorization, or proto-symibols. Next, t liese abst rac- order to guarantee thle bouinds onl cotiipuitat ion tiniii of*
tiolis begini t.o be produced with oul resortinig to actuial any particular step liti tlie processes. WCe will push onl tilie
sensory inputs. Symbol-like behavior results, but with- 'rgamzat ion of comipu tat ion to (10 useful tasks directl lvii

otinstantiatitng symbols directly. will li-~il n i ietinw ich

should lead to iniherent ly sinipler-t o-constriici unassi velv
4 High Performance Computing piarallel computers. T~'Fi -Applicat ions of t his sort of piro-

We are propositng a very dliff'erent way to use high perfor- csigwl ewd agn idide a elbcii
miatce computation and communication. atid prop~osinlg pe'rvasive throughout our society
to use it lin a domain which promises to becomet a miajor Our problem Is mnore one of iiatilteii11ance of' activity
consumer of computation: intelligent embodied agents rather t han achievemniit of a single soliition to a prob-
that interact wit~h humians. leili.

While traditional p~arallel processors are designed to N~e tneedl parallelismi because of tlie( vast aimounts of
act like fast. serial computers. we are addlressitng anl in- processing that needs to be' doiie lin order to mnake sense
herentlv p~arallel task. Indeed, while for miost of comi- of a cofintiuous atid rich stream of perceptual dlata. W~e
put~er science the translation t~o parallel hardware has need parallelismi to coordinate the niany act uatioii SvS-
imposed additiornal complexity (and, indeed, mnuch cur- temts thai. need to work Iin sytichirony (e.g.. thle ocular
rent research is dlevoted to minimizing thle overhead of systemi and thle neck inust mnove ili a coordIinat~ed fashiioii
this translation), we anticipate a significant simplifica- at timie to maintalin imiage stability) atid wvhich need to
tion of our t~ask in virtue of the parallel hardware avail- he servoed at high rates. W~e iieed parallelismi in order
able. t~o have a continuously operating Systenm that can be upl-

Much of the work on high performance conmputation graded without having to reconiliile. reload, and( restart
is betichmiarked in termis of how it speeds uip numerical all of the software that ruiis the stable lower level aspects
simulations of physical phenomena (Cypher. Ho, IKon- of the hunianoid. And finally we need parallelism for thet
st~antinido - Messina 199:3). lIn these domains there is cognitive aspects of tilie system as .ve are, attempting to
a well defined set. of computations that. given a valid set b) ti.ild .a syst~em with mnore cap~ability t haii caii fit onl aiiv
of initial conditions are guaranteed to be well behaved in exist ing single processor.
some sense, generating a sufficiently accurat~e simulation But., iii real-trune emuihedded svsteiuis there is aniot her
of how events, will unfold over timie. Data is collected ne(cessary reason for parallelism. It is tie( fact t hat there
along tile way-. attd] a final sunimary of how, the( modeled are many things to be at tenided to happening iii tlie(
system evolved over time is the result, of tile cornputa- world continuously, Iiidependent ly of the agent. Fronti
tion. The mnodel of ai compjutationi is very much that, of aii this conies the tiotion of ati agent being situatedl in lie
algorithni that is given iiiptit dat~a and, aft~er some suit- world. Not. only mttst tilie agent. (levot e at tentioni to jw'r-
able comput~at ion, outputs somie data. As a result,, much hiaps hundreds of different sensors, titary t inies per sec-
of t~he research into high performiance parallel comiput~ers ond, but, it muist. also devote attention -(towni streani" in
is concernedl withi how t~o present. a shared memory that the( processing chaiiin nit any differenit places at 1mmmAmiv
call ie accessed qjuickly by all processors. leading t~o the( times iwr second as the processed senisor (fat a flows
need for local caching schemnes aiid high speed switching thlroumgh thp syst em. Timel( actutal amioint~s of comiputiationi
networks: how to mnake stire t~hat all such views of inem- nmeeded to be (foile by each of these individtial processes
ory' are consistent., leading t~o the( need for haindling cache is iii fact quite smnall. so smiall thfat originally we lbornal-
coherence; and how to dynamically balance die( load onl ized theni as atigmniited finite state iiachiines (Brooks



1986), although jinore recent lN we hayv' thoughit of' thlit'i dive~rse robot., Brooks (1P9906) g iv. t a mid-cour. rt'-
as real-time rules ( Brooks 1Y990a). Ihey art, too sitiall view of' soniic of' th)sc robots.
to have a compl~iete' preessor devoted to theitII fit any' lii thit, I'r *Jct't to',. we, expect thfat heir.' %%III I., .grat

iiiacluinie beyonid a (A'\-2. and even', there lt'e procetssors bt'iielits fI'oiii buiildinig the' liiiniaii'id r.'-ptat.'dli \ t'r I fit
would1 be mlost ly idle. A bet ter approach is to sitiittlatt' lfib' of fi1t' pr',Jcctt and t'roii rimuiiiig tilt, softwart. )Iti nIll-
parallelism Iin a singlte tconivet'tioinal proce'ssor withI its t iple compiuiter architt'ctturt's. lakitw, advanitage iiiLt 1(Iil
owii local iiieiior\. Cases, oft technjological tl.'vtlopiii.'iii fialt %\Ill.) wcur iiidc

Our humtanoid robot will be situated lin a real world t-iderit 1v ()1 t lits project .Alt lte sane I iiit' %%e will 1w

over which it has very litIItl, cont rol. 'Ihere- will be people fol1lowing at learnint-(tigurvt'. iticrea.sitg onr t'ogii-c~er~iig so-
present, iiiovih~g ablout, chaugigng thle phfysical environls of, fhiist ication anid th itinhierenit robust ness of tilit',v m

the humianoid. respiondinig to act iotis of' lie humanaoid. we build.
and~ generating spontaneous bheiaviors thfetiselves. 'F'lit' I'Io t his enid we limot .dre'ad\ st arte'd butilding tfilt zero-
task for the humanoid will be to Interact with these, iil- tIll version oftfi' illiinuanoid ovter thIe sitiinle'r of' I 9!13.
titnatefy . unpredictable agents in a 'ohiert'nt way. It will rling ohi current siipfdit's iii stoc'k auth large~ly o)ff tlit-
get a conittinuous large aiid rich st reahii of' input dalt aof' shelf' tomiponienits which are being~ tuirclamd%%t' l wth imod-
which it mnust nmake sense. relatinig it to past expt'riences est atiiomnits of' utnrt'st rictt'd funds f'romi previous dona-
and fnut ure possibilities lin thet world. It w~ill be a partic- t ions. At tIb' saint' titiit a nior' .'xtensivt' soft wart dth-
ipant lin this world and niust act withI appropriate speed vt'lopiiieit effort is inider waN. We texpect tilt- zton-thI
atid grace. generat ion hardware to disappt'ar withlin aI few,\ nionothi.

but t lie( soft wart' will formIi Itli kernt'l tif h'ut irt' Ys'te'mis.

5 Hardware and Software Experimental 5. ria
Platforms 51Ban

Our goal is to take adfvanitage of* t hitew availabilit v of'
We have extensive experience in building inobile robots. tia~ssively parallel conifLt at ion ii (fedicat ed tinachiiies.
The P1 s have been directly involved lin thle desigtn Wetipdarallelismi because of t lie vast ;uivotints of' pro-
and construct~ion of over 3-5 differetnt desigtis for miobiile cessimig thfat itiust be doloi in order to uiiakt' senise of' at
robots, ando with multiple instatnces of niany of t hese coitouatdrhsteaiifftreftal(ta.it'it'

tyfiesof roots-oer 10 robos in otal.para~lle'lism to coordlinat e thle miatny actuatia oni SN'st Ills
iti thfat previous work withi mobile robots, we started fiat need to work lin synch rony' (e.g., thie ocular systeni

out. thinking we would build one mobile robot t~hat woufld and tilie neck mtist mtove iii a coordlinate t-'tfasliion at litlmie
be a platform for research for a generatiotn of gratin- to maintain imiage stability) and which tieed to be ser-
ate st udents (Brooks 1986). Trhat soon chiatiged as wye voed at high raltes. We' nee'd parallefismi in ordetr to hiave
realized t~hree things: (1) t~rying to design everything a contit iiuotisv operatiiig systetim thfat t'ami lbt up~gradedl
into one rob~ot, caused too many compromises Iin our re- withbout having. td eomiie. reload, andl rest art all of'

settch oalsas arl exprineti~s son oined 1 iitul thle sof'tware thfat rutis tilit' st able lower level asp'ct s of'
tiple different, sensor/actuat~or suites which tieedt'd to the humianoid. Anmd finally we tieed parallelism for t lit
be explored. (2) graduafce student~s working omi soniit' cogniit ive aspects of* the svsteni as we art' at tetiptimig to
what. separat~e t~hesis projects needed their own robots if build a '*braini' w~ith Iitiort*' c'apability thfatn tain fit Onl atiy
they were .to do extensive multi-hundred hours of opera- existitng sitigle processor.
tion experimient~s, rathier than sitmple validat~ioin (fetiot- But iii real-tinie embheddoedl svst ems theitrt' i- vet a ii-
strat~ions in 'out rolledl environmients as, were ofteni con- other necessary rt'asoii for parallelism. It is t fit' fact
ducted 'l inmany resear .ch pir ojects (Brooks 1991b) and~ (3) thfat tfliere ar('umiavy t Iithings to he atlt 'idedl to. hiapp en-
by continually re-etigineering our designs we gradutally iigiiti'wrdcitttouy.ideneitftlt'aet
built miore robust, robots with longer ziiean tlimes between Froni this comeits the nuot ion of au agent beinhg situnatet't
catast~rophic failures.' Building tuatty robot~s over a. short in tile world. Not out-muliiist tIll' agent tlevot e at t 'I-
periodl of timie led to rapid iiicreases in petrformiatice over t ion toprashnrd fdfeetsetisorsiuiaii t inies
a diverse set of robot nmorphologies (Brooks ( 1 986). ( *on- pt'r st'coind, bilt it miutst also fevot t attentition "dhowni
nell (1987). Horswill k- Brooks (1 988), Brooks (1 989), st~rt'ati" i i tlie, processing chiaini iii iiiaiiv d ilfertt places
('onnell (1990), Amngle&- Brooks (1990). Mlataric (1992b), at. tiianv finies lptr seconid as tilt' fproce'ssedf stnsor tdat a
Mataric ( 1992a), Ferrell (1993), Horswill (1l993~); set, flows t hrough thet svst eni. 'llt' act tial anioummts of (-tum-
Brooks ( 1990b) for aii overview). At the samne tillue, ptitat~ionuiieetfed to be d]omie by each of' these intdividuual
a commnon software systeni (Brooks 1990a) was (level- processes is in fat't quite sitiall, SO stiiall t hat originally
oped which ran onl many' different processors, but pro- we formalized themii as, atignituted fiiiite stafte miacfiiiies
vided a. coriimon enviroi nment, for programmitng all the (Brooks 1 986), althloughi more recently we have thloutghit

c'Ths oseratin pralelsthedevlopent indigtal of' t hein as rt'af-t tilt(i, rules (Brooks 199tha). Thiey aret'oo
cmuerhs. obsereation paalelte betwenopiuiiens in figita19l' smuall to have a comipl'tte processor dlevott'd to t eit'ti ini

comuiers weremen tmebetee falues n li' 951 ~ atiy machiine beyondl a ( NI-2. and~ eveti t here th I phroi-
was in the 2t0 minute range. extendling to periods of a week
iii the 1970's. and iiow typically we are riot surprise(] when cessors woulid tbt tiost ly idle. A better approachi is to
our workstations run for mionths without. needing to be sitmulaft' parallelism in a siniglt' convemitioiial fprot't'sotr
rebooted-this increase in robust~ness was bought with miany withi its owit local meiiory.
hundreds of iterations of the engineering cycle. For in st ance, Ft'rreflI (199 3) b uit a sofi ~a re, syst eim



to c'ont rol it 19 atctunator- six logged robot usi nsg about GO) lii I lie iuiiatioid~ prop-ect w4 bcw. 'in uch of' I lit, ca iii-
of its senisors. Sib, Iimpllemienited It a~s Ilioi-thilaii 15010 ptliatlo, toi.p". especillyor I II,, lowecr Ilsof flt, ,i stici.

parallel procsses runiniilg onl a siiigle Phillipas tiMJ7t. (1t will naturallyb ofaa ai 'iiiilar itat nra. k%,a ax prt Ito
commiunicated wlith 7 peripheral jarocessors which Iiail- paerlorii dlfitaeiti t'xl riitteit%% wlar'. lit "Ill' Ciies I [w
dled sensor diata collectijolt amid ltiOH lztloilli Svi'alitg. ) highter l('aIIouiiiflita oils arr 4l ii. l iii iiatilt ra it]f Iii
NMost of thfese parallel parocsses rain at rates %aryitig Ibe- ot liar cascs tb lefigliai lavals will ht- nitihmiali , Ni Ir 111 iila lic
tweeti 1i and 25 Hertz. Each time each process rawi it fin tnature. alth fi-oug thle h iib l. ditilýigS %%ill bwr,
took at miost at few dozenl instructitons before blocking. st ricted to witbInn ijidiltidal Irollassis W. \\tl icito isa
waiting either for the 1,atsagv of' utini or for soie othc li' oftware and liardwaia' t'ii\ iroitniten which giva ,upjiorI
proctess to selld it a ittessage. (feat la* low cost context to) Ihes. ri~quirtaniiatit.s withfoat sacrificing ilit* hi1911 I \,I,
swit clung was import ant. of larPrmiiaiiee of' \\-li( Ii wt. wish1 to itlaka.um

Thle undlerlyinig compiutat ional mtodel used1 otti that 5.. 1 otwr
robot - atd with matil\ tenls of ot her attioitoittois mlobile ~ Sfwr
r,)bots we have built -consist ea of tiet works of' tif ess;age- Fot tlia software atixitrouictien wer h;1\t ;I nuilltil.a of
pitssitig augmientedl finite, state mtachtines. Each of thlese retfuirtiielits:

A MS~s was a separate p~rocess. flte ittessages wvere, senth*lersitia a.agaoasftwr haeojitat

over predefinied *wvires' front a specific t ransiis ttIing t o virotitienti-
a specific receiving Al ,`M. T he imessages were simple
numbers (t\yIpically 8 bits) whose ineatting depaended onl * lThe svsIeii should bea comtpbtIelv portabll, ovar
flthe designs of' both fi tli transmitter and thle receiver. Ani iiiait hardware 4itvironnitutait. ,4) liat we canl upf-
A ESM had additiotnal registers which held the( itio.,t re- grad.' to liew\ IlaralbIl itiactittes over flt, libeiniii of
cent *Incoming mnessage ott an:: particular wire. This gives this project.
a very simiple model of parallelism, even sitmpler than *The svei
that ofC(SP ( Hoare 198-5). The registers could have their ((fpti'l p lotllroesn uhavis fioint a..~ft lr
values fed into a local combnhua torial circuit to productc
new values for registers or to provide ati out put nies- e lThe svst em should let us writt hig-h level sv nitia.lie
sage. The network of AFSN~s was totally asynchronous. progratits wheni desired.
hut individual A ES.Ns could have fixed durationt nionois- *'i( ytmlnug hudb tnadzdln
tables which p~rovidled for dealing withI the flow of' time~ galangua g s ielknwad deso .
in the outside world. The behavioral competence of fthegaetfa swdl(itwn ttartlnI
system was improved by adding more behavior-specific Ini summnary otir soft ware etivirotniitent should Ict its gatit
network to the existing tietwork. This process was called easy access to high performtanice parallel comptii tat ion.
azy twing. This was a simplistic and crude atnalogy to We have chioseti to tse(- Comnmon Lisp (Steele .1r. I1990)

evolutionary dlevelopment. As with evolution, at everv astesbtaefralsotwr'lvljiet. I litu
st age of the development. the systemis were testedl. Each gives us goodl programming eiivirotniiiit s inicltuding 1vpc'
of the layers was a behavior- prod tc ing piece of' network checked debuigginig, rapid protoltyflitg. symibolic Coa hil -
fin its own right., alt hough it mtight inmplicit ly rely on ie ta i on. eas ways of writ ing eimbleddIed latiguage abst rae-
presence of earlier pieces of network. For Inistanice. alt t ions. and auttomaitic storage iiattageitietit. We believe
Exploir( layer (lid not need t~o explicitly avoid obstacles. t hat C onitmol Lisp is superior to C (t lie (Ither imajFor
as the designer knew t hat a previous ar oid layer would contender) iii all oIf thlese aspects.
take care of it.. A fixed priority arbitration schteme was The piroblemi then is how to use Lisp ii aI itassively
usedl to handle conflicts. p~arallel machine where each node miay not have t li at,

Onl top of the A FSM substrate we umsed antother amonotits of mtemnory that wve have become accuist omted
abst ract~ion knownl as tilie Behavior Langutage. or BI, to feeding C otillioni Lisp iimplemient~atioiis ott st andardl
(Brooks 1 990a). which was much easier for tflie, user I' itX b)oxes.
to programn wit h. The outpu~tt of thle BI, comipiler was We hame a long lust ory of btiiblditi high p.erfomnt ttatl
a standard set of augmented finite state niactities: by Lisp comipilers (Brooks. ( ;abriel &- St eel, J1r. I9).iii-
mraint~aining this compatibility all exist ing soft ware coulId cltidiiig omia( of flthe two mi ost coitttoti commeii arcital Lisp
he retained. When programming iii BIL thle uiser has coiti- compilers ott it( lie iarket: Lucid Lisp~- Brooks. Positer.
plete access to full Common Lisp as a nieta-latiguage by McDonald. White. IBeisot, k- ('alaricl 1I98t6).
way of a miacro mechanism. Thus the user could eas- Recent ly we have developed 1, (Brooks 1¶993). a re
ihy. develop abstractionis on top of BL, while still writ- target able smiall efficient Lisp wvhicht is a alowitwardllv
ing programs which compiled d]owti to networks of A F- conipat ible subset of' ( otittimon Lisp. W'hieii comitpiledl
SMs. In a senise, AFSN1s played the role of assembly for a 68000 basedl riacltine ft(li load ittage (withtout thei
language in inormal high level compuiter laniguages. Butt compiler ) is ontly 140K bat es. bti incltudes itutit It iJla va I-
the structure of the AFSMN networks enforced a program- ties, strinigs. characters, arrays. a simpilifiedl but coiti-
fiing style which ntaturally compiled into very efficienit pat ible package systeam. all tflie- --ordinmary" aspects of
small processes. The structure oftIlie Behavior Latnguage format. backquote and comiita, setf etc.. full ( otmitmiot
enforced a modlularit~y where la~ta, sharing was, rest ricted Lisp lambtlda lists Including opt ionals amid keywvord nrgti-
to sniallish setcs of AFSMs. and whose oldy initerfaces tinents. miacros. ati inispector. a debuigger. def struct (I'll-
were essentially asynchronous I-deep buffers. - tegrated with filie, inspect or). block, catch. anda throw.



etc., full dviiaiiiic closures,, a hill lexical Initerprete'r. tloat- nteed for Irt'et'iiip it' slit'dtilliii- .\ldit I, Miallx 1lit -~
ing poinit. fiast garbage colletition. and so oin. ''li~ct t~in- tax and semtanitit's 4I1 litt lI.-giuaw iurit t hat ( lien
piler runs Iin time linear lit the sizteolai inipuit exlire-ssioi wo0uld be zcr) tack c mittex! Iwo (14 I-,h sa%. -1 witt it ;
except in thet presenice of' lexical closiirt'. It -evtri Ii.- ltlockiiilý ('olditlt %%' a., r dail MF %%wIlII' to lI'Mi'l
less produltces highly ji untimted code' iii miost cast-s 1, 1s a niew scht-itli 1111 'ii witl L 1. i ;idltrt's.s 'iitiila' is-
missing flet and labels, g'ieieric arithmietic. liigniiiii,' slit'~s Mitilhl, Itroitet t. 1(, fi ith IIItit heII ..hI'll uithiill
rat jonals. comiplex inunmbers. Ilthe library ol st'queii't fimli- rest ol' tilit' \- in nii i t h-. at d.%wimiii srlwijll.'i'
tions (which canl be written withini I.) andt- soitirit' parts, that e lirt" in, ssv's cn lot, alilti ;uii- tl'tit' a ;I 11-t'
of fEormat and packages. I tcpt' to) tilit- l.1Ip l11iitttr oft Itarlicui-itir,)c4-i's.ti' Ilt:-

Th'le 1. svsteiig is aii intellectutal descteideint oh' lt'ilt- Oiialtl st raiglit brard dtlat st riut ti res ,an k.tj-tp Ilwt-
iiainicallv ret argetable Lucid Lisp coinhiiler ( B~rootks tt al. ctosts t, tmianiagt'ahll l'vt'ls. It is rat li.'r si raiglit 1bmrward
198(6) aiid thle dyiianiicallv ret argetahtlt Blehiavittr [an- tot build aI ptlast' iiilii t Ii. 1. 'itnpilt',- tti I tan r'.tgn/
gtiage coiipiler ( Brotoks l990 ai). [lesystt iii Is totally% thet sit halicm. dt'scrihitil al()t 'I. lmiit it is, si raiglitt br-
writ ten iii I. with minachine- depeiidenit backends baOr re- ward I; Imnpleiimeit a set t I' iiiitt'i- whl % I in t

t\ ide, a
targi'rting. '[i'frtbcei sbrlt ~oooat8~) langtiagt absi -ct ion oil top oh [i1,1 whinch will hrt idi.-

(aiid upwards) f'aiiily. but it Is easily ret argetedto't IIinew all th 'lit' 611 fic iilitv til lit' litalvor l~aiiuag.' and1 which
architectutres. '['lit' process conisists of* writing a simiple- will additionally\ let iuslii'di;ni htilii Ahtts
iiachiiie description, p~rov'idiiig codle temiplates for altout ct'rt ainly a Ptrte-empt ive~ siitdul.'i will lit it-etleil Ini al-
100( primit ive procedures (e.g.. fixed ptrecisiotn inttege'r +. lit ion, as It wotild hit dlifficult to, titfitrrt' <:itttnlihiit at iti

etc.. string indexing CHAR and other actessors. CAR. ut'l liiiit sxiit act icahlx' "-blti ( tnttiL~ispi will tstn
CDR, etc.). codle mnacro expainsioii for abtout 20 piseiido t ialhx be availablet to tilt, progrmiiuiitr at (t, hi' tr~ es
instruct ions (e.g. procedutrt call. proctedurt' exit. Check- th licast' ol' t he pire-emtiiltive' sclit-ilitr lia\itg 1ii Irikti
iiig correct numiiber of argiiiient s. linking CATCH frameits. do wit a proces-s will be iisefui ;Ias aia' tdlv\Ict'. antd
etc.) antI two corresp~onintig sets ol' issteiildtr routineits will aliso) act as at debugging tool baOr t li tister t4,Idn

which art, too big to bei expanded as code tempiJlates ev- t ifN t imie critical coimiput atioiis which art' st rssitig t Ii.
crv timec, bitt are- so critical iii speed that t hey. need to lbe boutided coiiipuitat ioul styli' of writ iit lin o~tlit-r ctasts
written iii machine language. without the overeiitadl of a static anialysis will lit ablte' to) ilt'triinc m~axiiimiui st atk
procedure call, rat her t halt in Lisp (e.g.. CONS. spreadiiig reqtiiremient s bar aI particular piroce'ss, andt sto lital) aillit-
of multiple values oii thlt stack, etc.). Tl'here is a versioti cated stacks wxill bie isablt'
of tile 1/0 systeni which operates lb% calling (rout iiit' I'The soft ware sx'st ti so far dtescribe't wil Itt 1~ ti)

(e.g., fgetchar. etc. t his is how the( Mlacint oshi versioni iinplemneit crudei'forms (of ' braitini tidlt's'. %%hbert' tot ipip-
of L runs) so it is rather siinplel toport thlt'systen tlo an\. I tatioiis will be organized ili ways inspired by I lit sorts of'
hardware p~lat form we might choose to use Iin tlie( futittre. anatoinical odivisionis we set- occ urriing ili antiiu al I rains.

Note carefully the intentioni here: L, is to be (lut, de-- Nohi te hfat we art' not sa'vzii g we will itiilil a itodil of a
liverx' vehicle running oti the braiii hardware of thle lii- hart icular braiii buliit rat hIt r tf eirt' will beita ittl iiularit\ iti-
nianoid. potetitially oii hundreds or t houisands of smtall spired by such compionieints as visual cort tx . atid t trN ci r-
processors. Siiice it is fully downward c-oimpatihble withI tex. etc.. antI wit hit aiid ac ross t host' comp~ oine'it.s lthert
Comotnit Lisp however, we can carrv out code developt- will lie ftirt her modularity. t'.g.. a part icular stilsYsteiui
mient, and debugginig onl standardl work st atioins withI full to imiplemntin tlit(' vest ibu lo-ot-i a r respotnste ( X'()
programmiiiing eniironmiienits (e.g.. iii Machintosh (*ciiiflott '[hlits besides oii-proc'-ssor piaralleilisii wte will iiet'd to
Lisp. or Lucid ('oniiomi Lispt with Emacs 19 oii a Vnix providet aI modularity tool t hat packages piroctesstes itot
box,- or in the(. H1arlequin programming envirointietit oii a group)s aiid litnits (dat a shiarinig I iii \e'i'i theitm. V'acli

Utux bx).We an hendynmicllylin cot' tit t it' package will resitle onl a single protcessor. hut ofteni
running system oti our .p arallel processors. processors wxill host mlaity stitch pa~ckages . A\pai'kagi'

Th'lere are two remaining problems: ( 1) how to ntait- that comiunitiicates with anothei~r packagi' sholtdiI Iw l t-
lain super critical real-time perforniance whieti usiing a SUlatt't at tilie synt ax le'vel froiii knoiwinig whithetr lit',
Lisp system without, hard ephemieral garbage collect ioll. other package is oii 1lt'e samte tir aI ihiftrt'rtt proit'-
atid (2) how to get, the level of within-processor lparal- sor. T1hit contiunicat tion medium bet wren suii'h 1 tatkagt's
lelism described earlier. will again In., I-deep buffers withlotit qumemiug (or rccietip

The structure of Us implementitat ion is stich that mul- ackntowledgmenit -~ anty stichi acknowledgmtent will need't I t i
tiple independent heaps can be maitntained wxithiin a siii- be Inmplemeneted as a backward ciatiiit'h. iiiuch a.,w ,,
gle address space, sharing all the code and data segmetits thbroughiout the( cortex (( 'litrchlhaimi o.' Se~uiowski 199(2)
of the Lisp proper. In this wxay super-critical portions of This packaginig svsti-nt cali bei implemenittited Iii ( 'ý)mon tn
a system can he placed in a heap where no consing is oc- Lisp as a tmacro piackagi'.
curring, anol hence there is no possibility that they wxill We expect all such syste leiItvel soft w-art' divlt'q't-l toitit't
be blocked by garbage collection. to be conliplet ed ill t lie first xt'elv'e mont Its of th lit, ro ji-Ct

The Behavior Laniguage (Brooks 1990a) is anl exam-
ple of a compiler which builds special purpose static _______

schedulers for low overhead parallelism. Each process Teproblem with hi-ap allocated stacks, iii thit general
i-art until blocked aiid the syntax of thme laniguage forced case is that. there will be nto overflow protectiut iuito the rest
there to always be a blocking condition. so there wa~s no 8 of heap.



5.1.2 Coiiiputatioxial Hardware- jroci'ssor hats aln iit~raf igj ytii.I. and III,,1.,fvliallil
The coiiiPiitatioiial iiiotel' prt'scutitd III ill, pr,,%I- schfiduir rt'sliligliiý IINI )'I FITI'itN l It s IM ,I'

oils, seti'ton is somiewhiat ttitl'rct'it Fri ii t hat iistii'll ;I.,- H AM for jr i),raiml. sI tk elii litif- pa;lt fI pi ,27)6~

tio115. lv picatlv (( 'vjpln t-I al 199:3) Owntiti a strohng2 Fl, 1, 16 hackldi~iit aii I- liiim.cl h, ;i j ii2 l ill
bhias onl s\ sleml reqiire-iiit,'iit, fromIi I ift sort of' btt I itiiiiiks IfI pil., ( U 1'. 1.J t\ Xi;1 :1la rJa'l )to KhaI~ leI, sI ,i~i I,111
that art' iist't Ifc' luvaltnt tit'rtoriiaiiu'.' Ilit- stajillardi I. a S( 'SI timiulat, ýr A lat,irg it I \%, rk ,I*f isý332s iiii sp~ll

steem toi lt Fort ran code., Ior livtriidviiaiiiit'. linlt-ciii- fill ns ro-fli prtifluts . i im:Iltx wt %viill lit ;i NWiriiiiisl
tar simiulations,5. or vraphlc, renidetring. Wet are jprttop- ais a [ tf at FET Sh% ii\%itl Ill \tatiiiitstu (iiiii ,

iug a very ttifl'r'iit appictttat ioni %%,itl t'r\ diht',ri'ii re- on[ flt' FFPI will jfrt\Iit disk I/0 t r~ it' ii' I( tIi %:3

to a wide varivt't ,I efixte'rnal andtIntiernjal evit-s. we it' \ldtttilt, liscri%%-fil Ii Lisp list'lltr1 I- ;1ii' PI ..s ... hl.

quiire onily ilitger rathter than1 hiighi ptr~l'oiialite float- Thc ztnr-t Ii %t'rsiilii issic i tit I;itidard S~ ita ll~
filig, po~int toperations.' wte requiirt' delet'trv oit liu'sagýs (strial ptriphetral iiiitrt'itt) iiý cotililliilt, %\[it kili h,
()Ill% toi spec'ific siltes dtttetrmineitd at prilgraiii detsign I ijilit. l Niottiroja GS I t p- it( soirs r lis.32, I wi tst-,ar ;A ý,li-

rathter ithan at run-ti an. aliti wo rt'Ijiiirt f it', ability to li4t gc(-it' ) i'ip rit'sstr %%,ilt Ii llifoiarit FIlAlTM)N ( 2K' lt\ it-'

vt'rv fa4si 'olliettX switches ItbecausetO' thefit large- tiiilitr a1nt411RAM (2-A; tA'ii's). iillhlig ;iI ililti sitill. all SlPJ
ot' parallel processes itiat' weiinteniid to rnoti eachj iiiii- in-itirait. aind S channiietls ojliu ;W It,14 di1gitat tIlitsil

vidiial jroct'ssor. Wet art liiiltling a smiall ct'lstitll hotardl to tliý pir-.t,
'[tie fact tihat we wilt not livetd tIf.t stutpport 1).illter rif'- sor HI lIncluittide, ojitt-isitlatid moitotr tdrl'rs ;tilt] mitilt

erences across tili, compuilt atioiial subihitraft' v'ill iiiaii Ai atitard anialog. suppottIi for stensolrs

Ihat we c'all retx ly oilllmuth siimpter, Indt tit' ,ret'oret We (-'Mjlt' oil'. fti I tiat'L'laiit' loi Ilt tijerat otilA I..
higher per'formaiicte. paraltlet i'oiilllttrs thtani liiali otther AtgLISt Ist. 19931 SO that WtC Call i'ollillit'ilt't t'XIt'rniit'lits
researchers we w~ill not have to worry atolit a il:ýlsis- w~ith Ii r first jiriottit jt' hotly. \V( -WIll t'0jl1'4' sat al [.It's

tent global iiemiory. ('achet 'ohlerence't. or arhit rarv nIII(,- oil iiit'r-prntittssitr c~miuitiiiiiin'ill thlrtiigtij t:t clt'cfbt ,'tsi

sage rowting,. Suinct' t ties' art' differeint requtire nt'ii'is t 1Illi latetncy. and oftier ulleaslirt's so that wi' c-an etit tr tchit sc
those thiat are, iieruiiatlv coniisdered. we' hiavte to nrike aI larger scale piarajltel jro('t'sor 1*br ilitrt strilllis virsilisl
somie mieasulremenets with act iiat progratms bef'ort' We cali of' t ht' tiiiiiaiioid!
we cali imake aill intelligent oft' thlit shelf choice't of' coin- lit Ithe mieanfiill(,. iow,'ver, Iit'ert art' c'trt aini dcttlf~--
fluter hardware. mnelts on tilt,' horizon within tfit' Mi] Artjifivild bill-

lin Order to answer some of thiese (fliest ioins wi' are ciii'- ligeii('t Lait wthichi we t'xpet't' o capit ai/'lizeiilonl it )r
rent jv building a zero-thI generation parallel comlputer. It djer to ttratuiaticalty iipgrade' our ('(Iloljil~ta jmal y~'letlis
is beling hUitt Onl a Very low ftluilet Wit 1i Off tItIf' shelef cornl- for eart%. vision. ant[ hit'ict'e jil' rt'i f t on at which \f
poa;:nt.s; wherever possibte (aI f~ew fairly- simlie prinitetd ('all afford 1(1 proct'ss imlages iii real lrii.' f' ir'st oif
circ'uit boards nieed to be fabricated). pTejroc'essors thee ei''txpiectt'ol tilt li' all wiljl lit a otmiitwhiat sjimiiar
are 16GM liz Motorola WS3:p2s oti a standard board built dist ribhut ed processing syst'llm ibase'd ()il th li'muiichi liiilitr
by Vesta 'Technology. Tliese plug 16 to a hiackptaiie performance Texas lust rllimeht ('0,'f which collis \%-ilt
'fhe backplane provides e'achi processor witht six coninluu- bimiit inl support for fixedt'op Ioilogy mei.ssagt' passinig. We'
nications ports (uising Ilt'e integrated ftlling pirocessor texpect liese sysiells to be availaliji ili thie Fall '93 i nit'-
Mnilt to genierate the rejiiired signials alotig withI spv- f'ratiut lii October '91 WI' e'xpec't tot lit abllt to iiakt' list'
cial chip select and( standard adidress aiid dat a lines) of thle Abact'is systemli a lfii lu'vi't recoiiligiunit-!It vkioui
anid a peripheral processor port . 'I'lue, coiii niiitiit' ions front -end processor be'ing Itiilit under AlH PA sponiisorshipI
ports w~ill be hand-wired ii'ithi fpat ch cables. hiuildiuig a which piromiise's lera-opi perrtori tiauc' ,ii 16 biit fixed fir'-
fixed topology net work. ('Fitie cabtes inlcorporatet a sinigle' 'Islol opieraiids. Bot h t litst svstoelis wvill hen siti 1 lx' jilt
dual ported RA NT (Sf( by 16 bits) that itself inludlt(-es grabb' with our zero-I i oi 1 er piarallel ptrocessor via I lit'
hardware senmap~hores writ~abte antd readlable lby thlit two st anidard ttial-jorteid R1AMN protocol thiati we art' usinig.
processors beitig connlected. ) Baickgrotiid pioctisses run-
fling on Othe 68332 operating syst eii provide' stist aiii't 5.2 Bodivs
rate transfers of 60Hz packets of 4K( bytes ot', Acl plort, As withu I. -' ('omputat ionial tardjwari' we art' ailso cuir-
with higher peak rates if dlesired. These sustained ratt's renit l t'tgag''d iii btuildiing a zero-ih -ene'itral ion btiilv
do consume processing cycles fromi tilt- WS:332. Oii 11011- for early exjlerilelit atloll and detsigni refinieiiit'u I twarils
visionl processors we expect much lower rates wilt hbt mI ore st'rlots conist rutciions withlin iflt' scope~ of' t Iiis ino
needled, andl even oti vision p~rocessors we c-Ani prolla-
bHy redtice thFe packet frequency to arotiiid 1.51ll'. llacti Wei ctiirrell* I hiave 28 operat ioinal robots iii tutr lab., tacht

wiit Ii beiiceii 3t aiit t7i f I It(,'S' lix t t ~rt,' ('ssors. aiiit st'% ral
^Consider the I y viiarniic range possiblvt in siniigte signat itozcn oi(ilt'er robl w) i'th It a leas, I st sucl p roicsl'5 o i batrtdI

channels in the Itunian brain antI it soon becomes apparent Wet have great experience ill writinig comlpile'r taickeidts for
that. all that. we wish to do is cert aitity' ac'hiev'ablet with Iiei- thtes(' processors (in cluiding HIL) andt great experitilice ill is-
tfuer span of 600t orders of magnituide. or 47 significantl tiilarY ing them for aft sorts, of -trvolinrg, st'nsor mon11it orinig. aiid
digits. 9(thu11111111 Rat ious tasks.,



posal. WeAt art' presentt 1% buitettl ybu gt-tarv constratttt, tititi (d %Ww~ andIII, tilt' ic r L ~~' a21) (1,ri ii.a'

M ackil'. whil % Ill e " llp r l" % d"11,jla .

'Il Iet he follo ing silitt' l lol wi. m ''llt11 imk till it it) hv ilt i 1111 -1 win ll ;it I. I hal l i,- Id i t x-'ral'it wti

Hot'i eqirt't', ( B llr :I hi?~ll ca( i mittitati9ot2) an11 dii Illr Law 'irj~j of tilt. li i il ac*il'( 1

raclu wa ic. r-eii utut taritt d it idls ( i ii ) t tit- ,r ttt -lt t pi o Aii C li itt.%%liat or a ,Ics 1ieil it V w ilirtI i~,)t.n c

I lo-. tille ltiiltiikiutg tilt- f 'It(ktt ii ~ s atndt t pbe I-1ii tpi, at(d

5.2.1-t Eyest ilitlar-itlula \\*tiltx Sliliti op isiali tlrtlt Vsilti

Italibrat uiii" sat-tat,. tiig Slcrvt(ý ca'i'tt'rt'tIlol luvi a hlrt'it % l-a m g I(,1 cs I1 1s

Roch ste (-iBallrs d Iitiljt its 'oo bt 1992),t ihutlai also'tit't irr-i-Vart's 5.. Bys.V
O ve rc iIl a n j . I) , r Iii' it tl' t I (it t Io t, ri-c gl t I bI, I tt '(ý ( it I -A I Il s t wtu a wt 1(m ,-)I , I II I I ld ' ld

bawst'ii 'rei tret~bllt at O~l iroteilt d Itoii' s I t'ie t Is It1w il asta t'it sound Iij,idi(11k iifI 1101151 pro titjull tllt- ; I i

[Ilklia jol Ilteac toll ivil Ii toveot'i ibissin i1 ItI l itw rkl)i cl-

a Io part W~ ~ ~ ~ ~ ~~ ~~~~~llcri~tlls (l tIIiw rI( i fý týilanti- 111.Eal At-it itouhia tý will ptuuatt beadlis' rmlati toists
ira towa I-'i\lt otur etarliesllt liotk i tlvrlliehltd itw ~ePo - aidt 0  litls t eisitd~i Oltit ltii it

f~ve a td \si l.a '.t pala d tl asa Iut an t1rita1 ears ll Ctiet'l ttilMidt s ;I al vetI( ai'1.111 1t;tll -litWllb oh ii-

\\" it' i 'd l'bivislien it o s c a iii' ;tltii' \ (I) sdia -auii tic ade tor litiott%%to l I

three )an tit es flt' r e cottd. of stt Iii llcio 25iis. F nat tacit red,, tlolid hsot iclt rotlrce. ) otil itl i ela., rat ul~tl forii iii at'-

stop Adito ioutaii teiale r wllV axe itotli iii-coialk coilab - 11hu' p ouiiilti mlit-g astittkn .vll rm bak~o i

1Olfoi is arth-111 iOH fo tclr sevrlapcsofn mrt~s liVoiotuat-
cralib ratedli c c dvs. a n (' oiliti jieiht aontI -e i t ovcahi i ell a Itai-c C r~i l ol w t a e p p ou s I ~ lIl c u edept tv eo. Ind pend nt isu l s ste s wil p o )vid lo to(. aFirst, to ixll I (l prt)Vitit' s o n sitieiat teltrams. fork wllt
periapproa riate fovra mot00 itn pirsii coli or d imagelit ati-ll pr clto usngIlitii s md s e ist m ic nat '

Illilliall act. p op -ouorIaialtipiliat i t'asitrvi1ltillg.loll.ibilll It'sroltoiiitti
ii er tiu he paurt, of a hes pir iojct luiarec rt'slt [lite(\O )1 io Ise tae "eIr i lamiuy at- (14 1i at nt i trtijtiatcs i Bt I \1

it~eat lO i'iel oie y bal (irom 10 td t bod fcela` l o cet bla ate; ji stig e alt rt, to work t it'lt list- tli' Ii's asi'lle tt and
oripu torq n oInteratoiie b itt lt . dt(0Ievedl gop d. faist o is(ol- atoises t oi.edto' mutltofaipl spi ake rs t it'tit tit ;be t jino-411

gieteyebalf.erent frott abctw i~ll\ teoi a lilodl o fjc reog i Souiaida iott even wle on s istio' t'lttt'rheigt' of lti itage
lion chlar-kinetical rnsot se ( ( inp)e allhot aiaoies aii ti sttri-ai-li iiilcyatci ia

Orther actio mive vision ulvteoni enitave ad bt its eweballs aulit ors inpt s d i reldie t eavily oildtil'tt t'iiuhiagi 'llltit, or

'itit, s yebi a la l t xs ie iito if ab e fio i a dt. i pa t o rt a bi outit tiralv even rie-verbamin iirng i st' vv tit~llt componet ivt'i Ito

oth e tio m es pot v e I'v , u s tfiii lwe zwii lbac off ir l at iiis re- c toll n t tl t sou n t s ourc . robots de n rt' ioi wte Idllglit age.

lie~~~Son cates critt'ai tor seover asel oifi teld ofot, viw ptfe- illlict-~
ably ('losne to a81) ilegres point' also drivibleg a fo Mat~'ll- tvt .Frt o n rvd si m daefeb c o
felr approrgialt. de allysmoith lig' u sitot and iflor Imag (rat iie t.o. T'n np to n n oiso igosbe ernI)fn

tilallo thavr p oort f a oo v stigulical o rst ponar e N S( ') Ao a ll ordterir had bN it biiattinid at) at d ab it' t hrtilijati ' toll

resluton f 52 lv 52 a 1)1 tlt'coasi'andfin scle te aiit' sortse ofd rattle Adulttapos ats, art' cuestl by con1tacts
is desrable, ittole but(1 to. lidto ac goodt' fac iposiiitiiotro.itneti

a ur Zero -Iii% conriol. of tht ave ra areviu l black ad wsitl e 11e tor ii'a i'10tXIrtl 'il litai ilc' f hee vlalnei to learot

oly. ev cieeball.A fy, coti wists otwoe tti lgle ntte w oelgh cam- vd Ivdb r to m'ot al'ied li )or V systems Seondfo soun abt aisiol

eOra notinted winth i~raespoaxe. (O ne agi( 'ts ai115 iegne aaid li ii't xtrtlc eifwti trlx' t It
of w ichuse dynmicvisallybasd clibrtio (Vola Pattrnssuc as urntakng al([ini icryareciiica



AdIditionally the torsot imist be ab~le to suppjort th lt ead. joinit so that I hi'Joint coordiniate's and lask toordljiat
the armis. anid anx,, objects they grasp. vt'rvr nearly 1iiatcel. 'This will great l) siiiijlif% cuit ti~ of

vhe torsos we build v.-ill inlitially hiave a three dlegre minaipullation. It is the sort ()f t lilli 1), I 'qd .al
of f'reedomi hip, withI thlit axes passinig thlrouigh a t'oiliioii t hut': 1,01. exaihil'(I. whl heiiiacili'' all elim orit irIll, has,
poinit capable c. leaniinig ali~l twist ilig, to ally posit ion ill Of tilie pahlii (or i'vt'itlitt ifiil. lllt'if aiid la.st lwt wiligvt'r

about three seconds somewhx'Iat slower than a humian.i oil a tabldi to staltilizci' th hand tliiriiig sole ilt'licatt((I
[he iie('k will alsoi have three degrees of' freedomt. withI not so delicate) nmaniipulat ion.
the axes, passing t hroughi a c'ommonii point which will also The hianids iii lthe first instahice.s will hi' quilit' sinikiii
lie along the spinal axis of' the body. T[he head will he devices thlit cali grasp from altt~v' relying heavily o~n
capable of yawing at 901 degrees per seeoiid -~ less than miechianiical cotiiplianice t hex nia\ have as few, as onte
pe'ak human speed. but well wit hin tilie range' of' nat utal di'gri'i'of' colit rol freetloii.t
hiumian miotionis. As we Imitild later versions we e'xpetct to More' soplulst icatt'd however, will he lt't 5t'iisilig on
inicrease these performiance ligutres to miort' closely ninatcli tlie( anus anid liantds. Wie will list- lorins of codiitlttivi'
Ilit' abilit ies of a hiumanai. rubbe'r to get a sense of touch tivr t it'- su'faice of' lili'

Apart fromn th li'normial sorts of' kinematintic senlsors. the( armj. so thlit it t'atil detet'ct ( compilianit ) collisions -it iiiiligt
torso nleeds a tiumbetr of additional se'nsors spet-ilicall\ partictipate Iin. As with the torso thert' will lhe libteral lise
aitmedl at providing input fodder f'or tlit' dt'velopimen'it of' of'st raili gauge's. bieat sensors and cuirretit st'tisol's s) t hlat
botdily met aphlors. Ilii part icular. straini gauges onl thle thlit systmei ('all have a '-ttle' f*or how it, arnis art' Itting
S~iuit' Call give t ie systeni a feel fIlor its posture anit thle usedl amid how the,\ are pt'rforniiiig.
syimmet ry of' a part icuilar ('onifigurat ion, plus a little Iin- We' alsot expect to mhove towartds a lii t'i sophist icatt'd
fortmat ion about any% add~itional load tlie torso miiigit bear type of' hiaiid iii later years of' t his project . nut iallv. uni-
whieni ai arlm picks lillt sotmethlinig hiiavy. Hetat 5i'iisors oil f'ort'tuiiately. we wtill lie forcetd to itst' motiotns ofhe upit pe~ttr
the miotors atid th li'miotor d~rivers; will 'givt' f't'dback as toints of' thlit armii for fine' miiaipulat ion tasks. Mort' so-
to how nuicli work has bee'i tdonet by tlit' body recently pliist icatetl hands waill allowx uts to list' fiinger loot ions.
alill( ('urre'nt senisors onl tlite motors wxill givt' anl indicat loll with Ii itiucl lower Inert ins, to ('arrv out t litst'tss
of how hard tble syst em is workiing inst ant aiieomisv.

Omur zt'ro-tli level torso Is, roughlyl l( inches l'roii thle 6 Developm'ent Plan
ba~se of tHit' spine to thit base of t lit nieck. This corre- WAe plani ohl miodeliing lie( braiin at a lt'vel aboxt' tfit nucral
51)011(1 to a smiallishi adult . It ust's N) ' 11101ors withI built le vel. but belowx what would iiormialhv lit thouitt t of as
iii ge'arboxes, The iiain conlcerni we liavet' is how quiet it t lie ('ogilit ive hycvl.
waill bte. as we do not wanit tlit' souiid pterce'pt ion vs'5t'ili W inesai btatonwl loul okox o

to beovt'wlitliiid byItot tiosi'.to eiigiiitel' a systeni) that has similar ltropt'rtit's andtl-oOh-
Latter versionis of' thle torsos wxill have touch sensors iii'(t ionls to tlit'. liuniniml branii xxithlowi lavimi', toi tmodt'l its

interatd aound liehod. wll lavt boe ('tuiiliilt dt'tailetl local wiriiig. At m lie sameit timle It is cltar f'roii
iMot ion. wxill bi' ituieter. and will iieed to ptrov'idet better lie, literatulre that ther' is tio agreemienit oii how thlims
cabliiig (ducts so t liat t it', ('ablels t-ali all fe't't (tit t hrouigh ar'r'lvogiiedciilttiial at liih'di' 01( idi

a lower 00th' Oil t ii'l Iar levels, or iiideed whet her it eveniiik' es otl

5.2.4 Arms aboult modules of tilie braini (e.g.. shiort termn ttmeiory.
and long,, lenin muemiorvy) as genierative' struict uris.

'l'lie evenitual mianiiiullator sv.Stt'ii will be a 'ompillianit Netn i'es eexpect to hie glitlt'( otr one( iiighli
iiimilt i-degrt't of f'ret'domi arm wit It a rat hier simiilet hiand. say inispuired. by whiat is kiowui ahouit thi' high ltevel coli-
(A better bandt wouldl lht nice, liut hinid rese.archi is tiot miect ivtv wit hini the litiiaiu brain (altImotgli adliiittedllv
vet at a point whiire we enaii gt't anl interestimng, easy- to tnulch of our kiiowlt'dgt' a('tually comies f'roim Inacaqut's,
use. oH'-thle-shelf hinid.) '[le artii wxill lie safe, euiolugli mdo e rtil' idi iuvtx aoatt 'trt
that huminan-; cali interact xx'ithI it. liamolium it thliiigs aind of limiiiiaiis. a problemi of' conicerni tio omeii btraini sclit'i-

takinig things fi'om it, Thle arnm will hi' comipliant eiioughi lists, (C( rick- &' Jone1 s T 9)) 1hums 1lor Instanice wue tx-
that thit sx'stetii wxill lit ablet to utXplort' -its, owti hotly pet to have' ieih'iiilable cluistt'is of piotes"sors whluichm we
for instanice. by tomie liii its head s ,'stenl 'so that it will will lit abli' to poinit to aniid say t Ib'x are jterlorniiiii a
be ablet to td'vt'lop it. owtn body int'lapihors. 'iT'e lull role siiiilar to thfat oftI lii' ('t'rt'lttllili (e'.g.. re'finiiig g-ross
designi of' the even thlie first pair tof arm., is lnot'Yet co(Ii i- mIlotor cotntiianlus inito c'oordiniatedh siuiooth miiotiotns). or
plett'ly workeid omit .anid eurrelit fu'initlug does not pe'rmiit thet cortex (e.g.. somie aspects of searchiiig gt'uutrali',a-
the iiiclmisioii of anus ol flii' zero-thI levt(, I limiiaiioid. IllI ioui/spi'cializat ion hierarchies iii obji'ct recogilit ion ( I'll-
hbis si't'tiou. wei deserihie our dt'sitlerat a fhr thi' anms and Iluan 199t )).
llnt t s. At anmot her leve'l wei wxill tdirectly niodt' humuiian sys-
We waiit theii arms to be1 ve'ry t'oiuiliaii vet still able teiiis wht're' t hey art' known'i iii somue det'tail. F~or inst ailci'

to lift weilghts of a fe'w itotiiits si I ht lit hey, c'anl interact theitre' is qmiiti' a lot ktiownt about thet cilt rol of' i'e miove-
with liuiuatu artifa'ts Iin imitert'sm jg wxavs. Atditiotiall mivn'nts iii liumauins (again miostly ext rapolati'i f'romu work
we walit t lie' antis to hiave' redmitiiait tli-gri'is of rei'doin wxith Ii onoikeys) aiid xxi' wxill buiild iii a vest iltilo-octilar re-
(rat her t hlal t lie, six seeni iii a st anidartl coiuimmercial robtot sponse ( 'iOU )' 0N0, smiooth I prstilt anid saceadt's (Is-
arm). so thlit illinamalx circumist anct's wei ('aii 'burn' soiie ihig ilit' betst ev'itdt'ncie available' oil hiow t his is organiize'd
of those dlegrees of' f're'edoim iii ordeir to aligii a sinigli'e i lit ituianis ( Lisli'rger 198,S).



A thIird level of miodelinig or inspliratioln thfat "-.evI I~l Bat I c.. F. ( 1979). 1ht Lo li( qe ( ,o j •Ipobo Is. Aca vi
uise is atl the developmienital level. For ilst alio' onice Press. New York. Now Yiork.
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use iiiodels of what happenls in c'hilld lainguage develop- II I~ I('nin.('abigeni'rIt re's
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Since we will have at titiiiber of faculty. post -eoct oral Bickliard, MI. 11. (iid.). How to Build aI Nachlill wit I
fellows, and graduate students woirkiiig onl coincurrenit Finiergeli Repi'esenitationial ( 'ontent . I uiijiI~l.wid
research pro .ects. and sinice we wVill have at numbier of' mianuscript, Vniversity ofle xas. Aiustill.
concurrently aictive hlumlanioid robots niot all pie~ces that Brlriai ... &'eeqn.I 1.els(lt5jeadn.
are dleveloped will be jiltenided to fit toget her e'xacet ly. litn uow'h (le Rt 1 wt s(titaticn. Morgan lKaiifmiaunn
Souie will be( Incomipat ible experuimenits iii alternate wVays Los Altos. ( alil'ormia.
of building subsyst ems, or puttinug t hem t oget her. Somie
will lie, pushing oil part~icullar Issues lii language. say%. I fiat Bradd ick . 0).,.\ Akison.L.Hood. B.. llarkne-s. W . t

may not be very related to soiiie part icular other issuets. an Farauiel Vargha-1Khladeiii. G. .1 . (1992). Possi-

e g. saccades. Also, quite clal.at thsstage we' can ble bliiidsiglit inl infants lacking one- cereberal lielli-
not have a development pilani fuhlly worked oh t for five spelie're', Natiiict 360, 461 463.
years. as mniyi of the early results will change thle way Brooks, It. A. ( 1 9M). 'A Robust Layered ('ont1rol Svsteli
we t hinik ab.out the p~roblemls and what should be tlie( for aI Mobile Robot .. IEEE .Ic)i inw (oI(f Robot,Ii.% and
next steps. Antofina atio RA-2, IA 2:3.

Ili figure 1, we summtiarize our current planis for (level- Brooks. It. A. ( 1989). *A Robot Thlat Walks: Lniergeiit
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lin matly cases there will be earlier work off-board thle ical ('onepitation 1(2). 2531-262.
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System software (Oth) System software (commercial processor)

Periperhal Motion Vergence UlIman-esque Physical schema
Saccades based stereo= visual routines based obj. recog.

Smooth pursuit Face pop-outs Face remembering Face recognition

Head/eye coErd Head/body/eye/coord

Gesture recognition Facial gesture recog. Body motion recog.

Own hand tracking_ Specific obj. recog. Generic object reco

Bring hands Hand Grasping, Body-based metaphors
midline linking & transfer

Batting static DOF reduction DOF reduction
objects (specific coords) (generic coords)

Body stability, Body+arm reachig Body mimicry
leaning, resting Bdo m cry

so Manipulation turn taking

Sound localization Sound-based manip. Voice/face assoc

Sound/motion correl Human voice extraction Proto language

Tone identificatiornoice turn taking

Visual imagery. Symbolization .

Mental rehearsal Imagination

Multiple-drafts emergence

Sept 1 Sept 1 Sept 1 Sept 1 Sept 1
1993 1994 1995 1996 1997

Figure 1: Development Plan
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